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	 Mean	(SE)	 Median	 Range	
Age		 14.5	(0.01)	 14.5	 12.9-16.1	
Puberty	Status	 3.6	(0.02)	 4	 1-5	
Performance	IQ	 107.6	(0.3)	 106	 63-149	
Verbal	IQ	 110.8	(0.3)	 111	 50-152	
	 	 	 	
Adversity	Score	 0	(0.06)	 -0.21	 -5.2-11.0	







	 Adversity	 ASB	 Ratio	 Cortical	Volume	
Adversity	 	 	 	 	
ASB	 					.357**	 	 	 	
Cortical/Subcortical	Ratio	 -.041	 			-.090**	 	 	
Cortical	Volume	 		-.053*	 			-.089**	 .579**	 	





















2.	 Bilateral	Frontomedial	cortex	 1996	 -11	 52	 12	
3.	 Left	Insula	 1529	 -48	 -14	 16	
4.	 Bilateral	Subcortical	region	
	



































Several	 subscales	 from	 the	 Life	 Events	 Questionnaire	 (LEQ)	 adapted	 from	 the	 Stressful	 Life-Event	
Questionnaire	 (Newcomb,	Huba	 et	 al.	 1981)	 and	 the	 European	 School	 Survey	 Project	 on	 Alcohol	 and	
Drugs	 (ESPAD)	 (Hibell	 and	Andersson	 1997,	Hibell,	 Andersson	 et	 al.	 2004)	were	 used	 to	 produce	 two	









Accident/Illness:	The	Accident	subscale	assessed	the	 frequency	of	negative	health	events	 in	 the	 life	of	
the	child	and	family,	e.g.	‘Serious	accident	or	illness’,	‘Death	in	family’.	
	
Autonomy:	 The	Autonomy	 subscale	was	 not	 included	 in	 either	 composite	 score	 because	 its	 elements	
assessed	principally	pro-social	behaviors,	e.g.	‘Began	a	time-consuming	hobby’,	‘Joined	a	club	or	group’.	
	
Family/Parents:	 The	 Family	 subscale	 assessed	 the	 frequency	 of	 negative	 events	 in	 the	 home	
environment,	e.g.	‘Parents	divorced’,	‘Parent	abused	alcohol’.	
	
Relocation:	 The	 Relocation	 subscale	 assessed	 the	 frequency	 of	 disruptive	 changes	 in	 the	 child’s	
environment,	e.g.	‘Changed	school’,	‘Family	moved’.	
	
Deviance:	 The	Deviance	 subscale	 assessed	 the	 frequency	 of	 illicit	 activities	 (“acting	 out”),	 e.g.	 ‘Got	 in	
trouble	with	the	law’,	‘Stole	something	valuable’.	
	
Sexuality:	 The	 Sexuality	 subscale	 assessed	 the	 frequency	 of	 early	 sexual	 relations,	 e.g.	 ‘Got	 or	 gave	
sexually	transmitted	disease’,	‘Broke	up	with	boy/girl-friend’.	
	








year,	 and	 iv)	 over	 the	 lifetime	 of	 the	 child.	 The	 ESPAD	 interview	 also	 includes	 items	 to	 assess	
involvement	in	bullying	as	perpetrator	and/or	victim.	The	bullying	questions	have	been	adapted	from	a	




Frequency	of	 Illicit	 Substance	Use:	 The	 current	 study	used	 the	 combined	 lifetime	 frequency	of	 use	of	













The	 Accident/Illness,	 Family/Parents	 and	 Relocation	 subscales	 of	 the	 LEQ	 as	 well	 as	 the	 Victim	 of	

































Lower	quartile	 47.2	 92.6	 107.5	 108.7	 3.53	
2nd	quartile	 50.1	 88.5	 107.7	 110.8	 3.63	
3rd	quartile	 52.2	 88.5	 106.8	 110.9	 3.63	















Lower	quartile	 56.6	 88.7	 108.6	 110.5	 3.51	
2nd	quartile	 51.2	 91.0	 109.2	 111.9	 3.62	
3rd	quartile	 51.0	 89.6	 107.0	 110.3	 3.62	

































































between	 adversity	 and	 ASB	 (indirect	 effect	 =	 0.001,	 SE	 =	 0.002,	 95%	 CI	 =-0.0005	 to	 0.0071)	
(Supplemental	 Figure	 4).	 In	 other	 words,	 while	 ICV	 is	 significantly	 lower	 in	 individuals	 who	 have	









Adversity	 	 	 	 	 	
ASB	 							.357**	 	 	 	 	
Ratio	 -.041	 			-.090**	 	 	 	
Cortical	Volume	 		-.053*	 			-.089**	 .579**	 	 	
						Right	Insula	 -.042	 			-.076**	 	 	 	
						Left	Insula	 			-.069*	 			-.082**	 	 	 	
						Frontomedial	 -.041	 			-.084**	 	 	 	
Subcortical	Volume	 -.003	 .007	 -.530**	 		.373**	 	
ICV	 			-.048*	 						-.040	 .238**	 		.787**	 	.546**	
Partial	 correlations	 controlling	 for	 sex,	 age,	 handedness,	 MRI	 site,	 Performance	 IQ,	 Verbal	 IQ,	 and	










Supplemental	 Figure	 6.	Mediation	model	 of	 the	 relations	 between	 ICV,	 adversity,	 and	 impulsive	 anti-
social	behavior.	Dotted	 line	denotes	the	effect	of	adversity	on	ASB	when	the	mediating	variable	 is	not	
included.	All	paths	are	reported	as	unstandardized	OLS	regression	coefficients.	*	p	<	0.05,	**	p	<	0.005,	
SE	=	standard	error.	
Supplemental	Discussion	
The	association	of	this	specific	set	of	brain	regions	with	temporal	discounting	draws	considerable	
support	from	previous	research	in	humans	and	animals	(Cardinal,	2006,	Dalley	et	al.,	2008,	Christakou	et	
al.,	2011).	The	subcortical	region	identified	includes	the	ventral	striatum	which	receives	projections	from	
midbrain	dopamine	cells	signaling	the	presence	or	expectation	of	reward.	Hyperactivity	of	the	ventral	
striatum	relative	to	top-down	cortical	control	mechanisms	has	been	hypothesized	to	produce	impulsive	
present-oriented	choices	(Galvan,	2010).	Consistent	with	this	perspective,	the	ventral	striatum	is	more	
active	in	response	to	both	positive	and	negative	feedback	in	individuals	with	more	impulsive	temporal	
discounting	(Hariri	et	al.,	2006).	The	frontomedial	region	identified	included	portions	of	the	dorsomedial	
and	ventromedial	prefrontal	cortex.	This	cortical	region	encodes	the	subjective	value	of	future	rewards	
during	decision-making	(Plassmann	et	al.,	2010).	Individuals	with	lesions	in	the	ventromedial	prefrontal	
cortex	make	disadvantageous	choices	on	gambling	tasks	that	model	real-life	decisions	and	gauge	the	
extent	to	which	the	individual	can	disregard	large	short	term	wins	and	losses	in	order	to	make	larger	
longer	term	gains,	an	insensitivity	for	future	consequences	that	has	been	called	‘myopia	for	the	future’	
(Bechara	et	al.,	2000).	The	insula	is	located	at	the	center	of	a	network	of	brain	structures	involved	in	the	
perception	and	regulation	of	the	internal	state	of	the	body	(Craig,	2002).	It	has	been	proposed	that	the	
physiological	state	of	the	body	plays	a	central	role	in	emotion	and	motivation.	Damage	to	the	insula	has	
been	linked	to	deficits	in	decision-making	(Naqvi	and	Bechara,	2009).	All	three	brain	regions,	the	ventral	
striatum,	the	insula	and	frontomedial	cortex,	have	consistently	been	implicated	in	temporal	discounting	
by	functional	neuroimaging	(Cardinal,	2006).		
A	recent	functional	neuroimaging	study	reported	that	the	age	related	decline	in	temporal	
discounting	from	adolescence	to	early	adulthood	is	associated	with	changes	in	the	magnitude	of	neural	
activity	in	a	set	of	brain	regions	closely	matching	the	present	findings	including	the	frontomedial	cortex,	
ventral	striatum	and	insula	(Christakou	et	al.,	2011).	Moreover,	more	impulsive	individuals	exhibited	
greater	activity	in	the	ventral	striatum	and	less	activity	in	the	frontomedial	cortex,	a	finding	that	mirrors	
the	differential	volumetric	findings	in	the	present	study.		
Only	a	handful	of	studies	have	used	structural	neuroimaging	to	search	for	brain	correlates	of	
temporal	discounting.	Cho	et	al	found	that	the	volume	of	the	ventral	putamen	and	the	frontomedial	
cortex	was	smaller	and	larger,	respectively,	in	individuals	(N=34)	with	greater	impulsivity	(Cho	et	al.,	
2013),	a	pattern	of	results	that	are	the	opposite	of	the	present	findings.	Another	study	(N=29)	found	a	
positive	association	between	preference	for	delayed	rewards	and	the	volume	of	the	lateral	frontal	
cortex	(Bjork	et	al.,	2009)	while	a	third	larger	VBM	study	(N=105)	partially	matched	the	present	findings	
by	reporting	larger	volumes	in	more	impulsive	individuals	in	the	anterior	part	of	the	putamen	extending	
into	the	ventral	striatum	(Schwartz	et	al.,	2010).	In	contrast	to	these	studies,	the	present	study	
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examined	adolescents	rather	than	adults	although	differences	in	results	between	this	and	previous	VBM	
studies	may	more	likely	be	attributable	to	the	much	larger	sample	size	of	the	present	study	(N=1830).	
White	matter	differences	related	to	temporal	discounting	have	also	been	reported	in	the	frontal	and	
temporal	lobes	(Olson	et	al.,	2009,	Yu,	2012).		
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